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Preclinical paper 

Effects of methylacetylenic putrescine, an ornithine 
decarboxylase inhibitor and potential novel 
anticancer agent, on human and mouse cancer cell 
lines 



Istvan P^lyi, Tiber KrennnDer, Adrienn Kdlnay, GIzeila Turi, Rudolf Mihalik,^ 
Katalin Bencsik and Mariann Boldizsar 

Research Center of Oncology, National Institute of Oncology, 1525 Budapest. Hungary. ^Institute of 
Hematology and Blood Transfusion, 1502 Budapest, Hungary. 



Sensitivity of several human and moLise cancer cell lines to 
methylacetylenic putrescine (MAP) was evaluated using 
cionogenlc, sulforhodanrvlne B and cell counting assays. 
The effects of MAP on cell morphology, celt cycle phase 
distribution and changes in potyamine metabolism of 
xenografted MCF-7 and MDA-MB*231 human mammary 
tumor cells were also Investigated. On the basis of ICso 
values, BHT-101 human thyroid carcinoma cells were the 
most sensitive (9 /jg/ml), followed by P388 mouse lymphoma 
(32 ;-g/ml), MCF-7 (48 ;ig/ml) and MDA-MB-231 (llO/ig/ml) 
human breast carcinoma cell lines. MAP treatment led to 
accumulation of PSSS cells in d phase. At higher doses* the 
cytoplasm of the cells became vacuolated followed by 
apoptosls. The foamy cytoplasm may suggest a rare type 
of cell death (Clarke HI type) called non-apoptotic pro- 
grammed cell death. MAP treatment resulted In a total 
inhibition of ornithine decarboxylase (ODC) activity with a 
concomitant decrease of intracellular polyamlno (mostly 
putrescine and spermidine) content in the breast cancer 
cells, whilst the spermine concentration was shown to 
Increase. MAP proved at least 10 times more potent than 
the formerly studied DL-y-difluoromethylornithlne making it 
an attractive candidate for clinical testing. [ < 1999 Lipplncott 
Williams & Wilklns.] 

Key words: Cell cycle, in vitro sensitivity, methylacetylenic 
putrescine, non-apoptotic cell death, ODC activity, poly- 
amine metabolism. 



Introduction 

Natural poly(<)Hgo)amincs arc highly basic, with raiher 
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simple stt^icturcs which exhibit definite biological 
activity' Cumulative thita indicate the ubiquitous role of 
putrescine (Pu), spermidine CSpd), spermine (Spn) and 
agmatinc (Agm) in the regulation and/or modulation o{ 
the most basic biosytu!ietic and reproductive functions 
(e g- proliferation, difTerentiation, etc.) in all living cells 
under physiological and pathological conditions.''^ 
According to their particular importance in the 
malignant processes high intracellular Pu and Spd 
levels have been measured in various experimental and 
human tumors depending on the nite of cell prolifera- 
tion/^' Due to the high bioi^ynthetic activity of 
malignant tissues elevated scrum concentrations and 
urinary excretion of polyamines have been rept>rted in 
cancer patients and regarded as a us<.*ful biochemical 
tumor marker. * 

Depiction of cellular polyamines using various 
ornithine and I*u analogs, potential inhibitors of 
ornithine decarbox>la5c (ODC, EC 4.1.1.17), the Tvs>X 
key enzyme of the polyamine hiosynthetic pathway, 
has opened new perspectives in cn7>'mc-rcgulated 
anticancer chemotherapy. Among sevenil ac- 
tive derivatives n[.-a-difluon>mcthylomilhinc (DFMO, 
Eflorniihine™) has been shown to inhibit ceil prolif- 
eration and tumor growth in vitro and in r/V'o/^ '^""^** 
and has also been intnxluccd into clinical therapy of 
human cancers.'" Recently, a promising Pu 
analog, (2/?,5/?>6-hept)Tie-2,Vdiaminc (methylacetyle- 
nic putrescine, MAP), hxs been S'^nihesized and 
reported to be 10-50 times more active than 
DI'MO.^" ^^^^ Roth DFMO and MAP altered cell cycle 
phase distributions by accumulating cells in G) 
phase. However, both cytostatic and cyiotoxic 
effects were demonstrated depending on the cell line 
studied. Polyamine analogs were considered to 



* Uffpfncoti W imams & Vi ilkiuii 



Atui-Cancer Drugs Vol 10 ■ 1999 103 



► shown first nMfig u new 



indiK. t' .ipopiotic ccl] deatli 
Spn Jeri\ativc "^^ 

In tiR present study the effects of MAP on the 
clonogcnicit) of P388 mouse lymphoma and of some 
human cjiiccr cell lines, as well as on the cxil cycle 
distribution and the intraceUular polyamine levels of 
P388 cells were ex'uluated in vitro. Morphological 
alterations obscr\Td in human tumor cell lines, 
suggesting a special type of programmed cell death, 
are also described. 



Materials and methods 

Cell cultures 

P388 mouse lymphoma was obtained from 1 Wodinsk>' 
(Arthur D Uttle, Cambridge, MA) and was established 
in suspension culture.^ ^ MCF-7 estrogen receptor (ER> 
positi\e and MDA-MB^231 ER-neg;Uive human breast 
cancer and PC3 prostatic cancer cell lines were 
obtained from the ATCC (Rockville, MD). BFiT-IOI 
human thyroid anaplastic cell line was established in 
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Drug solutions 

MAP was genen)usly supplied by Mcrrell Research 
fnstittite (Strasbourg, France). Firsh MAP solution was 
made by dissolving the compound in saline or in 
medium before the experiments. 



Clonogenic assay 

Cloning efficiency of monolayer cultures was per- 
formed as previously described.*' Dricfly, kn(jwn 
numbers of exponentially growling cells were plated 
into triplicate 35 mm Petri dishes (Nimc, Roskilde, 
Denmark). On the foUowing day the cultures were 
exposed to different doses of MAP and the MAP was 
left in contact with the ceils tliroughoui the study, and 
the cultures were incubated in a CO^ incubator 
aieraeus, Hanau, Germany) at yi Q for 10-12 days. 
The ailtures were then rinsed widi saline and stained 
with cr> stal violet. Colonies containing at least 50 cells 
were counted. Cloning efficienq^ of cells growing in 
suspension was determined as published,*' The cell 
suspension, containing the appropriately diluted MAP, 
was solidified with 0.25% final conccntratkm of agar 
(Difco, Detroit, Ml). Three-dimensional colonies were 
counted after 10-12 days of incubation under a 
dissecting microscope. 



Absolute clflffifig < Miciency of imtrcatcd control 
cultures was nomiali/cd as 100?/o. Survival of treated 
cultures was expressed as a fraaion of the siir\1val of 
the contml cultures IC50 is the inhibitor) drug 
concentration needed 10 decrease the sunival by 50%. 

Antiproliferatlon studies 

The effect of MAP on cell proliferation has been 
determined by comparing the changes in cell numbers 
of control and MAP treated cell populations. MDA-MB- 
231 or MCF-7 (2-3x10^ cells were seeded into 
50 mm Petri dishes and on the follow^ing day were 
exposed to 100-500 /tg/ml MAP. The cells were 
trypsinized on day 2 and the cell numbers were 
determined using a Neubauer-type hemoc>iometer. 



Row cytometry 

Samples were prepared according to Shapin).^"^ Briefly, 
5x10^ ccUs were fixed in 70% cthanol and stored at 
-20''C for a few days. The samples were then 
ccnirifuged and washed in phosphate-buffered siiline 
(PBS) solution. After repeated centriftigation, ceil 
pellets were diluted with 1 ml PBS containing 20 //g 
ptx)piditim iodide (Pfj (Sigma, St Louis. MO) and 100 //g 
RNase (Sigma), and were incubated on room tempera- 
ture for 30 min before measurements. Cell cycle phase 
distributions were analyzed by measurements of 
relative DNA content of individual cells using a Cytoron 
Absolute flow qaomcter (Ortho, Raritan, NJ). The 
quality of the setup was checked by lyscd, propidium 
iodide-stained normal human lymphtxi^tcs. The data 
were analyzed on Cell Cycle software (Ortho). 



Cell morphology 

MDA-MB-231, BHT-101 and PC3 cells were seeded into 
Petri dishes, and the morpholog)^ of iJie MAP-treated 
and control cultures was examined and compared 
using an Olympus inverted phase contrast microscope. 
In some cases, fixed and hematoxylin & ecxsin-stained 
preparations were also prepared. 



Determination of cellular polyamines and 
GDC activity 

Simultaneous determinations of ODC, EC 4.1.M4 
activit)^ and bxse polyamine levels in cell homogenates 
were performed by the method of Kvanncs and 
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Flatmark,^' as niodiftt d prWously. Polyamines (Pii, 
Spd and Spn) were extracted from the cnz>^mc 
reaction and blank (t^asc line level) samples with ice 
cold perchloric acid and measured as dansyl derivn 
tives by reversed phase high-performance liquid chro- 
matography (RP-FfPrC) OFX: activity was calculated 
from the amount of putrescine formed in the 
enzymatic reaction and given in nmol Pu/h/10^' cells. 



In viirc^Jtc/^ of methyliin t ylcntc putresdue 

\k;f-7 and ER-negative MOAMBJM human breast 
cancer cell lines was determined b\ cell eounting. No 
significant retardation of cell prolileration was 
achieved below 100 /^g/ml MAP Tiie results summar- 
ized in Table 2 show a dose-dependent rate of growth 
retardation, with iMCF-7 cells pro\tng more sensitive 
than MDA-MB-231 cells. 



Results 

Dose survival studies (clonogenic assay) 

The effect of MAP on the clonogenicity of P388 mouse 
lymphoma and BHT 101 human thyroid cancer cells is 
shown in Figure 1 The first region of the dose- 
response cui^es is steep followed by a nearl)^ 
horizontal 'plateau' portion. Above 75 /ig/ml, both 
curv^es decline. The IC^o values of the P388 and BHT- 
101 cells were 32 and 9 ;fg/ml, respectively. The dose- 
response curves of the two breast cancer lines (Figure 
2) are rather different in shape from those of Figure 1. 
ICv) values of MCF " and MDA-MB-231 cells were 48 
and about 1 10 /ig/ml, respectively. Of the four cell 
lines studied, the BHT 1 0 1 cells were the most sensitive 
and the MDA-MB-23 1 cells the least sensitive to MAP. 
IC50 values are summarized on Table 1 . 
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Figure 2. Dose-response curves of MDA-MB-231 (O) and 
MCF-7 (■) human mammary carcinoma cells treated with 
MAP continuously. 



Effect of MAP on cell proliferation 

Tlie effect of MAP on the proliferation of ER-positive 
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Figure 1. Dose-response cun/es of P388 mouse lympho- 
ma (O) and BHT-101 human thyroid carcinoma (■) cells 
treated with MAP continuously. 



Table 1. IC50 values (mean±SEM) obtained by treat- 
ment with MAP of tumor cell lines in clonogenic assays 



Ceil line 


IC50 value 




(/^g/ml) 


P388 


32 + 3 


BHT-101 


9+1 


MCF-7 


48 + 4 


MDA-MB-231 


-110+10 



Table 2. Effect of MAP on proliferation of MCF-7 and 
MDA-MB-231 cells 



Doses 
0/g/ml) 


Rate of inhibition (%) 


MCF-7 


MDA-MB-231 


100 


36±5^ 


21±3 


200 


42 + 6 


22 + 3 


500 


66 + 8 


53 + 6 



*Mean values ±SEM at 48 h after treatment. 
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Concentrations tx twcen 10 and 50 //g/ml caused oi\\\ 
minimal changes in cell cycle distribution, while those 
of "^5 or UK) /i>i/ail MAP altered the ratio of cell cy cle 
phases considt nibl) , both at 24 and 48 h follou ing 
MAP addition (I igiire 3 and Table 3)- The percent of 
phase cells mc reused from 34 to 47 and 55% at (he 
expense of (VM cells. The ratio of S phase cells 
showed an increase at 24 h and a decrease at 48 h, 
parallel with the higher concentrations. 



P treat 



Effect of MAP treatment on cell 
morphology 

No characteristic c>io morphological changes were 
observed below 250 /ig/nil MAP. The most typical 
alteration was vacuolization of the cytoplasm C foamy 
cytoplasm') which began to appear in some cells at 
250 //g/ml and the vacuoles were small. All cells 
became heavily vacuolated exposed to 500 //g/ml 
and the vacuoles were of different sizes. Confluenc)' 
of the cells ceased and they showed a tendency^ to 
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Figure 3. Changes in the cell cycle phase distribution of P388 cells 48 h after exposure to 10. 75 and 100 /ig/ml of MAP. The 
major peak in channel 80 corresponds to Gi cells. 



Table 3. Effect of MAP on the cell cycle phase distribution of P388 mouse lymphoma cells 



Doses Phase distribution (%) 

24 h 48 h 







S 


G2 


G, 


S 


Ga 


Control 


34 


33 


23 


34 


38 


28 


10 


38 


43 


19 


36 


39 


25 


25 


32 


45 


23 


43 


34 


23 


50 


34 


43 


23 


42 


35 


23 


75 


47 


36 


17 


55 


27 


18 


100 


41 


41 


18 


55 


27 


18 
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round up. A fniclion TTc t c IIn showed signs of 
apoptosis, e.g. bleb forni.'h^n anil pyknosis (Figirre 
4a-c). Long and thin v \' >pi.isinic processes were 
characteristic by 72 h Ai tvcn liigher concentrations 
of MAP (1000 //g/ml), all lis rounded up, began to 
disintegrate and forme d »<>.Ucsced groups (Figure 
4d-0. 



I>ut)escine 



In vitrc^j^c/^' of methyUtceiylr> 

Effect of MAP treatment on the ODC 
activity and polyamine content of MCF 
and MDA-MB-231 human breast 
carcinoma cells 



Changes in ODC activity and in polyammr content of 
MCT and MOA-M1V231 human breast cancer cell lines 




Figure 4. Effect of MAP on cell morphology, (a) Untreated MDA-MB-231 cells with regular morphology and mitotic figures, (b) 
Cells treated with 500 ;(g/ml MAP for 24 h. Note the heavily vacuolated cytoplasm and the loose arrangement of the cells, (c) 
PC3 cells treated wtth 500 ;/g/ml MAP for 24 h. The cytoplasm of the cells is filled with vacuoles. Some cells are rounded up. 
others have long friaments. (d) PCS cells treated with 1000 //g/ml MAP lor 24 h. Most cells rounded up, others have long 
processes and one giant cell is full of vacuoles, (e) Untreated BHT-101 cells with regular mo/phology. (f) Cells treated with 
1000 //g/ml MAP for 24 h All cells rounded up producing clusters. Some single cells show apoptosis with bleb formation and 
freely floating apoptotic bodies are seen. Phase contrast picture of Itving cells. Magnification* * 160 
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induced by a 24 h cxpo^W to 250 fig/m\ MAP arc 
summarized in Figure s MAP treatment resulted in 
practically total inhibition of ODC activit}' in both cell 
lines. Simultaneously, a decrease in total intracellular 
polyamine content (mostly in terms of Pu and Spd 
levels) and a relative increase in Spn concentration was 
observed. We have found significant differences 
between the total polyamine base le\'els of these two 
cell lines, indicating a higher bios>'nthetic activity in 
MDA-MB-231 cells and a higher sensitivit)' to MAP 
treatment, first of all, in relation to the changes in Spd 
content. Retention of Spn induced by MAP in MCF-7 



Polyamine content 
nmol PA/ 10® cells 



ODC activity 
nmol PU/h/10® cells 




Pu Spd Spn ODC 



[~] Control 



MAP 



Rgure 5. Changes in polyamine content and ODC activity 
of MCF-7 and MDA-MB-231 breast cancer cells following 
treatment with 250 //g/ml MAP for 24 h. 



crWs also showecTa marked contrast to that noted in the 
Vlt^A MB-Z.^l line. Similar changes were observ^ed 
dfpf ndmg on either the MAP concentration (50- 
S(K) ;;g/ml) applied or the time of /// ritro exposure 
(2 I, iHorll h). 



Discussion 

Our results presented here demonstrate that all cell 
lines tested were sensitive to MAP Their sensitivit)' 
was, however, dependent on the ER content (MCF-7 
versus MDA-MB-231) or on the organ they^ originated 
from The MDA-MB-231 breast cancer cells were the 
least sensitive, while the BHT lOl thyroid tumor 
cells were the most sensitive to MAP treatment. This 
observation supports the significance of the histio- 
specific toxicity and the disease-oriented anticancer 
drug discover}' screen.^ In comparison of MAP with 
the ODC inhibitor DFMO, the former proved to be 
more potent against malignant human and mouse 
eel! lines. Namely, IC50 values of DFMO were 60, 
625 and 500 yig/ml for MCF7, MDA-MB-231 and 
P388 ceils, respcaively.^^'^° It means that the 
difference between DFMO and MAP ranged from 
slight (20%) to big (10 times). According to other 



observations, MAP was 20-100,^" 10-30^^ or 50-300 
times^^ more potent than DFMO, depending on the 
choice of end point, assay and cell type. Bakic et 
ai.^^ found only a minimal difference using HL-60 
cells and a clonogenic assay. The enhanced growth- 
inhibitory activity' could be due to increased cellular 
uptake of MAP. The difference in sensitivity' to MAP 
among the various cell lines could also be due to the 
difference in their doubling times.^^ According to 
the classic viewpoint, sensitivit}' is dcp>endent on the 
rate of proliferation Cproliferation<lepcndcnt C)to- 
toxici ry'),^^ although we havx shown that this view 
may not be universally valid."*' Indeed, the slower 
growing BHT-101 thyToid carcinoma cells were more 
sensitive to MAP than the fast-growing P388 cells. 
There was a difference in sensitivity between the 
two breast cancer cell lines as well, both against 
DFMO^ and MAP, with the ER-positive MCF-7 cells 
being more sensitive. According to Davidson et a!.^^ 
there was no clear relationship between either the 
ER status or the proliferation rate and sensitivity' to 
the spermine analog BESpm. MAP induced an 
accumulation of cells in G, and a decrease of cells 
in G2 using P388 mouse lymphoma cells. Similar 
changes in cells C7cle phase distribution following 
DFMO or MAP treatment were described by se\xral 
authors.^^ "^^''^" -^^'^^ This effect can be a consequence 
of polyamine depletion. The shape of the dose- 
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response curves, e.g. the platt.ai portion, also 
Miggesied phase-specific effects of :!ic ()DC inhibi- 
ton>/*** Boih compounds excrttd i.>t()st:itic^^ rather 
tiun cytotoxic effects, althougJi ihc latter were also 
obstrrvcd'^ Whether the effect is c>iostatic or 
c>^otoxic is dependent on the ccH Imc cmployed/^^ 
In our opinion, it may be conccntr.ition dependent 
;is well. At high MAP concentrations, a specific 
cytomorphologicul effect appeared in must cell lines, 
the cytoplasm bc^came heavily vacuolated, foamy', 
followed by cell death. Tliis phenomenon suggests a 
rare tApc of programmed cell death as described by 
Clarke^* and called non-apoptotic programmed cell 
death ((^.liirkc HI type). Foamy Qioplasm induced by 
high doses of t>Tphostin, a t>Tosine kinase inhibi- 
tor,'*^ has been obscr\'ed.^^ Prognimmed cell death 
induced by a polyaminc analog, (JPENSpm, was first 
described by McCloskey et cil.^^^ No other data on 
programmed cell death elicited by either DFMO or 
jMAP have so far been published The role of GDC in 
c-Myc-induccd apoptosis has been ^e^^cwed by 
Puck ham and Cleveland.^* Polyamines arc associated 
with cell death and the precise regulation of ODC 
activity in cells has been suggested as preventing 
polyamine associated cytotoxicity Z^'^'^^" ODC inhibi- 
tors are potential anticancer dnigs. DFMO has been 
introduced into clinical trials/* In conclusion, 

superiority for MAP as a new anticancer drug in 
comparison to DFMO is expressed in its higher 
biological activity, its hisiio-specific selectivity and its 
induction of programmed cell death. 
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